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1 The K~d — > 7ry7Vreaction is theoretically studied so as to investigate the if "-induced 

production of the hyperon resonances £(1385) and A(1405). For this purpose we take 
^vq | into account the p-wave amplitudes for the meson-baryon two-body scatterings as well 

as the s-wave amplitudes. Due to the fact that the hyperon resonances are selectively 
produced from the KN channel in this reaction, the A(1405) peak appears at 1420 
MeV, which implies that A(1405) and £(1385) could be separately seen in the missing 
mass spectrum of the emitted nucleon in the K~d — > nX reaction. The TtY invariant 
mass spectrum in this study is consistent with experimental data both for £(1385) and 
A(1405). The pion exchange contributions are also included and are found to give smooth 
background without distorting the peak structure of the hyperon resonances. 
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1. Introduction 

Properties of hyperon resonances are important to understand role of strangeness in hadron 
physics. Especially, understanding of hyperon resonances located below the KN threshold, 
psj | such as A(1405) and S(1385), is essential for physics of strangeness in nuclear matter and 

nuclei. In addition, because baryonic resonances decay into mesons and a baryon in strong 
interactions, one can learn basic interactions between hadrons with strangeness from the 
^ ■ properties of hyperon resonances. 

Among the various hyperon resonances, recent attention is particularly focused on the 
A(1405) hyperon resonance with J p = 1/2- and 1 = 0. The A(1405) resonance has been 
considered for long time as a quasibound state of KN [1], being extremely important res- 
onance to understand KN interaction. Theoretically, A(1405) is successfully reproduced as 
dynamically generated states in coupled-channels approach based on chiral dynamics [2-13], 
and this approach has confirmed that the A(1405) is predominantly described by meson- 
baryon components [14]. Recently it has been also pointed out in Ref. [8] that the A(1405) is 
composed by two resonance states having different coupling nature and that the one which 
dominantly couples to the KN channel is located at 1420 MeV instead of nominal 1405 
MeV. Since the resonance position of the A(1405) in the KN channel is strongly related to 
the strength of the KN interaction, it is very important to observe A(1405) spectra in the 
KN —> ttT, channel and pin down the resonance position of the A(1405) seen below the KN 
threshold. 
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Several ideas to observe the A(1405) initiated by the KN channel have been proposed 
in Refs. [8, 15-22]. One of the promising ways to form the A(1405) in the KN channel is 
to use nuclear reactions with K~ beam, such as in-flight K~d — > A(1405)n, as discussed 
in Refs. [19, 20], in which Fermi motion of nucleon and K multi-scattering with nucleons 
help to create A(1405) by KN below its threshold. In Ref. [19] it has been found that, 
in the K~d — > A(1405)n reaction with intermediate K~ beam energy, A(1405) production 
dominantly takes place in double scattering process, in which the incoming K~ kicks one 
of the nucleons in deuteron in forward direction and looses its energy suitably to form 
A(1405) with the other nucleon. Although a single scattering process also contributes to 
the A(1405) production, for energetic incoming K~ with several hundreds MeV/c in the 
laboratory frame the contribution is small due to insufficient Fermi motion of nucleon in 
deuteron. In addition, thanks to the fact that strangeness is brought into the system by the 
incoming K~ , A(1405) is formed selectively by the KN channel 1 . This is a good advantage 
over A(1405) productions induced by a nonstrange particle, in which strangeness has to 
be created in the reaction process and can be carried by the baryon producing A(1405). 
In fact, there has been already an old bubble-chember experiment observing A(1405) in 
K~d —7- 7r + E~n at K~ momenta between 686 and 844 MeV/c [23]. Although the statistics 
was not so high, the experiment found clearly that the A(1405) spectrum has a peak at 1420 
MeV. Forthcoming experiments in J-PARC with high-intensity kaon beam are expected for 
more detailed and precise information on the properties of A(1405) [24]. Recently it has been 
suggested in Ref. [25] that the threshold effect of the KNn in the K~d — > irT<n reaction could 
distort the A(1405) spectrum if the peak position would be close to the KN threshold. 
However, a clear A(1405) peak was observed in the old bubble chamber experiment [23], 
and the A(1405) peak will be located so well separatedly from the KN threshold that the 
threshold effect does not affect the spectrum shape. In addition, since the £(1385) resonance 
is far from the KN threshold, this issue is irrelevant for the £(1385) resonance. 

In this paper, we apply this AT - -induced production off deuteron target also to the £(1385) 
resonance, which has J p = 3/2 + and 1=1 and is also located below the KN threshold. The 
£(1385) is understood well in quark model point of view; it is classified in flavor decuplet. 
Nevertheless, there are few theoretical discussion on £(1385) formation in the KN chan- 
nel. In addition, for precise determination of the A(1405) properties from experiments, it is 
very important to understand contributions of £(1385) in the A(1405) production process, 
because the A(1405) and £(1385) resonances are located at very similar energy having tens 
MeV widths and their spectra overlap each other. This reaction gives also important infor- 
mations on the subthreshold productions of A(1405) and £(1385), which will be significant 
in the strange few-body bound systems of KNN [26], KKN [27] and irAN [28]. We also 
evaluate background contributions against K~d — > Y*N by considering pion exchange con- 
tributions, in order to make further comparison with the experimental spectra observed in 
Ref. [23]. 

This paper is organized as follows. In Sec. 2 we explain our scheme to calculate the pro- 
duction cross sections for the £(1385) as well as A(1405). In Sec. 3 we show our numecrical 



1 Formation of A(1405) by the nT, channel would take place by multi-pion exchange between two 
baryons. However, multi-pion exchange processes are absolutely negligible for the resonance formation 
with in-flight K~ . 
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Fig. 1 Kinematics for the K d —> irYN reaction. 

results of the calculations for the production cross sections. We also discuss nonresonant 
background contributions rather than £(1385) and A(1405) to the mass spectra in this 
section. Section 4 is devoted to the summary of this study. 

2. Formulation 

In this study we consider the K~d — > 7r°An, (-7rS)°n, n~Ap, and (irT l )~p reactions so as 
to discuss the production of the hyperon resonances £(1385) and A(1405) initiated by the 
KN channel. The kinematical variables are given in Fig. 1. We discuss the kinematical 
aspects of the reactions in Sec. 2.1, and in the proceeding sections we discuss the dynamics 
of the reaction including the scattering amplitudes for K~d reaction in Sec. 2.2 and the 
meson-baryon scattering amplitudes in Appendix. 

2.1. Reaction kinematics 

The reaction K~d — > irYN requires five variables to completely fix the phase-space of the 
three-body final state [29]. In this study we are interested in the mass spectra of the ttY 
systems, thus we choose as the five variables the ttY invariant mass M n y, the solid angle of 
the final N in the total center-of-mass frame Qn, and the solid angle of the final ir in the 
ttY center-of-mass O*. Then, the cross section of the reaction is calculated by, 

( M d M Y M N \ 2 
= V (2n)Hk cm E cm ) ' ' \PN\\P*\dM wY dcoB9 N dn n , (1) 

where M^, My, and Mn are initial-state deuteron and final-state hyperon and nucleon 
masses in the reaction, respectively, E c , m _ is the total center-of-mass energy, k c . m . is the K~ 
momentum in the total center-of-mass frame, On is the scattering angle of N with respect 
to K~ in the total center-of-mass frame, and T is the T-matrix of the reaction. In this form 
the azimuthal angle of the O^r is integrated. 

Now let us pin down the reaction mechanism. Since we want to produce the hyperon 
resonances in the final state, the diagrams in which tt and Y come from the same vertices are 
essential. Here, following Ref. [19] we evaluate the impulse and double-scattering amplitudes 
for the productions of the hyperon resonances. 

First we consider the K~d reaction with neutron emission in the final state. In this reac- 
tion the relevant diagrams are given in Fig. 2. Diagram 1 in Fig. 2 corresponds to the 
impulse process for the hyperon resonance production, whereas diagrams 2 and 3 are double 
scattering processes. We emphasize that the conservation of the strangeness in the strong 
interaction guarantees the production of hyperon resonances from the .RTAf channel both in 
the impulse and the double scattering processes. The ttY systems are fixed as charge zero 
ones, 7r°A, 7r + £~, 7r _ S + , and 7r°S°. The 7r°A (7r°S°) mass spectrum will be dominated by 
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Fig. 2 Diagrams for the K d —> nYn reaction. In the diagrams T\ and T2 denote the 
scattering amplitudes for K~N — > Kn and KN — > ttY, respectively. 
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Fig. 3 Diagrams for the K d — )• nYp reaction. In the diagrams T\ and T2 denote the 
scattering amplitudes for K~p — > K~p and K~n — > irY, respectively. 



the S(1385) (A(1405)), since it is purely 1 = 1 (0) channel. The 7r + X - and 7r~S + mass 
spectra can contain £(1385) in addition to A(1405), since £(1385) has the branching ratio 
12% to the 7r£ channel. 

Second we consider the K~d reaction with proton emission in the final state. The relevant 
diagrams are given in Fig. 3. In this case we have only two diagrams so as to emit the 
final-state tt and Y from same vertex; one is the impulse diagram and the other the double 
scattering diagram. The irY systems are ir~A, 7r _ £°, and 7r°£~, and all of them contain 
only the £~(1385) contribution as hyperon resonances of interest. 

Now that we have determined the reaction diagrams, all we have to do is the evaluation 
of the scattering amplitudes, which contains dynamics of the productions of the hyperon 
resonances. 

2.2. K~d Scattering amplitudes 

In this section we formulate the scattering amplitudes of the K~d reaction given in Figs. 2 
and 3. These amplitudes are composed of KN — > KN and ttY amplitudes, kaon propaga- 
tor, and deuteron wave function. We study both £(1385) and A(1405) in the reaction by 
including s- and p-wave contributions in the KN amplitudes. It is important that the p-wave 
contribution requires the nucleon spin component in the deuteron wave function, which is 
not needed in case of the A(1405) production with the s-wave KN amplitudes [19]. 
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First we formulate the amplitude of the impulse approximation given in Figs. 2(1) and 
3(1). According to Ref. [19] and taking into account the spin component inside the deuteron, 
we can write the scattering amplitude for the impulse approximation as, 



'wYn(l) 



T k - p ^y{M^y,P, ■ k){&) a <p{\p n - ^|) , 



(2) 

r: Yp(1) =T K - n ^MM v Y,p^k)(S^(\ Pp -^\) . (3) 

Here Tp CN ^ MB is the KN — > MB amplitude in the 2x2 matrix form, which compensates 
the Pauli spinor for baryons, and is function of center-of-mass energy M n y and the angle 
k ■ fin in meson-baryon center-of-mass frame, (S^) a = —ia 2 a a /-\/2 (a = 1, 2, 3) the spinor 
component for each nucleon inside the deuteron in 2 x 2 matrix form, and <f(p) is the momen- 
tum representation of the deuteron wave function with momentum p, for which we neglect 
the d-wave component and use a parameterization of the s-wave component given by an 
analytic function [30] as, 

li 



(4) 



-f p 2 + rrij 

3=1 J 

with Cj and rrij determined in Ref. [31]. 

Second let us consider the double scattering amplitudes. According to Ref. [19] and taking 
into account the spin component inside the deuteron, the double scattering amplitudes are 
formulated as, 

d 3 q 



'wYn(2) 



J -Ak T K-p^Yi.M,Y,q ■ P^TT^k-JW, k ■ q) 



(2vr) 3 

<p(\q + p- 



k-p d /2\ 



7 iry n (3) 



f 

J J^3 T K°n-+MM„Y, q • P^TT^^W, k ■ q) 
(p{\q + p n -k-p d /2\) 



m K _ + it 



(5) 



q 2 - mj^ + ie 



(6) 



i-f-a 

>TrYp(2) 



v(\q + Pp -k- Pd /2\) 



q z 



(7) 



where q° and W is fixed as, q° = k° + M 1 - p% and W = y (M 1 + A; ) 2 - k 2 , with M x the 
first-scattered nucleon mass and p° N the energy of the final-state nucleon. This prescription 
of q° takes account of the AW potential in deuteron nonperturbatively as suggested in the 
Watson formulation [21]. The superscript t denotes the transposition of the matrix in the 
spin space. 

In our approach, the KN — > KN and ttY amplitudes are essential to the production of 
the hyperon resonances. For the meson-baryon amplitudes we apply the so-called chiral 
unitary approach [2-8]. In chiral unitary approach, A(1405) is dynamically generated by the 
unitarized coupled-channel method based on chiral dynamics without explicit poles [14]. In 
contrast, £(1385) can be included as an explicit pole in the p-wave kernel interactions in the 
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Fig. 4 Diagrams of the tt meson exchange contribution. T2 and T3 denote the scattering 
amplitudes for KN — > irY and irN — > irN, respectively. 



coupled-channels [32] . The details of the description of the KN — > KN and nY amplitudes 
for the A(1405) and S(1385) are given in Appendix A. 

The chiral unitary amplitude has been calculated in the center of mass frame of the two- 
body meson baryon system. Since the deuteron wavefunction has been calculated in the rest 
frame of the deuteron, we calculate the K~d — > ttYN amplitude in the lab frame, in which 
the target deuteron is at rest. Thus, we make a transformation of the amplitude obtained 
in the two-body center of mass frame to the baryon rest frame using the method shown 
in Appendix B. For the p-wave amplitude, we define the off-shell behavior by using a form 
factor 

/A(l*|) = ( 8 ) 

with A = 630 MeV, which has been used in the chiral unitary model for the s-wave. 

The total amplitude for K~d — > nYn and nYp is given by the coherent sum of the impulse 
and double scattering contributions as, 

VvYn = VrYn{l) + %rYn{2) + VrYn(3) ' ( 9 ) 
VfYp = V?Yp(l) + VrYp(2) ' ( 10 ) 

respectively. Then, squared amplitude with spin-summed for final state and averaged in the 
initial state (deuteron) is given as, 

\r\ 2 = \Y.^ Ta ^ a ^ > C 11 ) 

with taking the trace of the 2x2 spin space matrix by "tr" . 
2.3. Estimation of the pion exchange contributions 

It is instructive to estimate the pion exchange contribution to the production of the hyperon 
resonances, which mainly comes from the amplitudes without ttY correlation in the final 
state. In the estimation of the pion exchange amplitude, we evaluate the diagrams given in 
Fig. 4. The particles, which are correlated to the pion exchange process, are listed in Table 1. 
They contain the ttN — > ttN amplitudes, which do not appear in the usual diagrams for the 
production of hyperon resonances given in Figs. 2, 3. For the ttN — > ttN amplitudes, we 
take empirically fitted one up to p-wave, including A(1232) resonance. We show the Dalitz 
plot in order to see the energy range of the ttN amplitude. In Fig. 5, we have found the ttN 
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Table 1 Possible exchange pions for the diagram shown in Fig. ?? 
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Fig. 5 Dalitz plot for 7r°£°n final state with 800 MeV/c incident K momenta. Masked 
area shows the ttY energy range (1350-1450 MeV) we considered in this work. 



energy range, which is considered from A(1405) and £(1385) productions, includes A(1232) 
resonance. Therefore, the contribution of A(1232) production seems to be main smooth 
background from vrA^ scattering in A(1405) and £(1385) productions. 



3. Numerical results 

In this section we show our numerical results for the production of hyperon resonances 
£(1385) and A(1405) in the K~d reactions. Using Eq. (1), we can evaluate the differential 
cross section as, 



d 2 a M d M Y M N 



-\ Pn \\pI\ f dn:\r\ 2 , (12) 

1. J 



dM w y d cos 9 7v (2ir)Mk c . m E c 

with the K~d — > ttYN scattering amplitude T which includes the pion exchange process. 
Then, integrating cosOn, one can obtain the ttY mass spectrum, 

da _ M d M Y M N f 1 f 2 



dM wY (2ir)Hk c . m E c 



\Pn\\pI\ J d<xx0 N J dni\T\ 2 (13) 
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Fig. 6 ir~A invariant-mass spectrum of the K~~d — > n~Ap reaction in arbitrary units at 
800 MeV/c incident K~ momentum. The solid line denotes the present calculation, and the 
dotted line and dashed line are the contribution from the kaon exchange and that from the 
pion exchange, respectively. Experimental data are taken from Ref. [23] at K~ momenta 
between 686 MeV/c and 844 MeV/c. 



Further, integrating M w y with appropriate range (M min , M max ) for the hyperon resonances, 
the production cross section for the hyperon resonances is obtained as, 

'= w^L. £™* rM ™L im '»f'™* • (i4) 

It is also interesting to calculate the angular dependence of the production by, 
da M d M Y M N '- M ™ 



J c.m. 



\ dM nY \ PN \\ P :\ / dn*\r\ 2 . (is) 



dcos9 N (27r) 4 4/c c . m .£' c 

In this study we evaluate the K~d amplitudes in Figs. 2 and 3 by using chiral unitary 
approach for the description of the meson-baryon scattering amplitudes. In this approach 
A(1405) is dynamically generated without introducing explicit poles in the s-wave, whereas 
£(1385) is included as an explicit pole in the p-wave amplitude. 

First we compare our results with experiments in Sec. 3.1. Next in Sec. 3.2 theoretical 
studies of the production of the hyperon resonances are given. 

3.1. Production of hyperon resonances - comparison with experimental data 
3.1.1. £(1385) production. First of all, we show the results of the £(1385) production and 
make a comparison with the experimental data [23]. For the £(1385) production, it is better 
to see the K~d — > ir~Ap reaction, in which A(1405) does not contribute to the ir~A mass 
spectrum. Here, we include the pion exchange contribution in addition to the kaon exchange 
contribution for the hyperon resonance production. 

Using Eq. (13), we show the ir~A mass spectrum in the K~d — > ir~Ap reaction in Fig. 6, 
together with the experimental data [23], which includes the background contribution. Here 
the kaon momentum is fixed as 800 MeV/c in our calculation, whereas the range of the 
initiated kaon momentum is from 686 to 844 MeV/c in the experiment [23]. As seen in the 
figure, we can well reproduce the experimental mass spectrum with the £(1385) peak around 
1385 MeV of the tt~A invariant mass. 
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Next, let us evaluate the cross section of the £(1385) production by considering only the 
kaon exchange contribution. From the kaon exchange mass spectrum given in Fig. 6 (dotted 
line), we take the integration range M min = 1370 MeV and M max = 1400 MeV. Then, the 
cross section of the £(1385) production is obtained as, 



where factor 1/0.88 comes from the branching ratio of £(1385) — > ttA, 88%. We obtain the 
£(1385) production cross section as 179 /xb with 800 MeV/c incident K~ , whereas the exper- 
imental value observed in the K~d — > 7r~Ap reaction is reported to be 252 ± 30 jib at 778 
MeV/c of the incident K~ momentum [23]. As one can see, our cross section is consistent 
with the experimental value. There is, however, small difference between our theoretical 
production cross section and the experimental one. This difference may come from the ways 
to subtract background contribution of the resonance. In ref. [23], the background contribu- 
tions have been estimated by fitting the mass spectrum in a sum of Legendre polynomials 
together with a relativistic Brite-Wigner form for the resonance. In the theoretical side, we 
have estimated the production cross section by using the diagrams in which ir~ and A are 
emitted from the same vertex and we have not subtracted the non-resonant background 
appearing in the K~n — > ir~A amplitude against the £(1385), which is clearly seen above 
the 1400 MeV of the invariant mass ir~A. We also note that the value of the production 
cross section depends on the choice of the range of the invariant mass integration. 

At last we should note that above the 1420 MeV of the ir~A invariant mass the mass 
spectrum is not suppressed although this is a far above the £(1385) energy region. This 
comes from 1 = 1 non-resonant background in the KN scattering, which can interfere to 



3.1.2. A(1405) production. Next we show the results of the A(1405) production in the 
K~d reaction. For the A(1405) production we choose K~d — > 7r + £~n reaction and calculate 
the 7r + £~ mass spectrum. Here we note that 7r + £~ spectrum is contributed not only from 
A(1405) but also from £°(1385), whose branching ratio to 7r£ is about 12%. 

First, we show the 7r + £~ mass spectrum of the K~d — > 7r + £~n reaction in Fig. 7, together 
with the experimental data [23]. The background of the experiment has been assumed to 
be a sum of Legendre polynomials and is included into the mass spectrum. In the previous 
paper [19] the K~d reaction with only s-wave meson-baryon amplitude has been calculated, 
whereas in this study we include both s- and p-wave meson-baryon amplitudes. In Fig. 7, 
we plot the full calculation with coherent sum of s- and p-wave contributions by the solid 
line, whereas the s- (p-) wave contribution in KN — > 7r + £~ amplitude (T2 in Figs. 2 and 
3) is shown by the dashed (dotted) line. The K~ N — > KN amplitudes T\ in Figs. 2 and 
3 are fixed to be coherent sum of the s- and p-wave contributions in every case. As you 
can see from the figure, we reproduce well the experimentally observed mass spectrum of 
the reaction. We can see the A(1405) peak appears at 1420 MeV in 7r + £~ invariant mass 
instead of nominal 1405 MeV as in Ref. [19], without contamination from £(1385) nor p-wave 
background contribution. Furthermore, it is important that £(1385) contribution appears 
as a shoulder around 1390 MeV 7r + £~ invariant mass, which may explain with the bump 
structure in the empirical data. 
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A(1405). 
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Fig. 7 7r + E~ invariant-mass spectrum of the K~d — > 7r+£ _ n reaction in arbitrary units 
at 800 MeV/c incident K~ momentum. The solid line denotes the result of the full calcu- 
lation with both s- and p-wave contributions, whereas the dashed (dotted) line denotes the 
contribution from the kaon exchange s- (p-) wave component in the KN — > 7r + X~ ampli- 
tude. The dahsed line corresponds to the result in Ref. [19]. The long-dashed line denote 
the pion exchange contribution. Experimental data are taken from Ref. [23] at K~ momenta 
between 686 MeV/c and 844 MeV/c. 

Next, let us consider the A(1405) production cross section from the kaon exchange 
contribution, which is calculated by the formula, 



with the range M min = 1400 MeV and M max = 1440 MeV. The factor 3 comes from the 
branching ratio of A(1405) — > 7r + S~, 33%. The A(1405) production cross section is consistent 
with the empirical value [23], as obtained previously in Ref. [19]. 

3.2. Production of hyperon resonances - theoretical studies 

For the understanding of the production of the hyperon resonances in the K~d reaction, it is 
important to investigate theoretically the production mechanism of the reaction. Therefore, 
we make theoretical studies of the K~d reaction in this subsection. 

3.2.1. ttT, channel components. For the clarification of the A(1405) properties, it is impor- 
tant to understand the behavior of the each irT, channel spectrum. Hence, we plot the 7r + E~, 
7r~£ + , and 7r°X! mass spectra in the K~d — > (7rS)°n reaction in Fig. 8. Here the initial kaon 
momentum is fixed as 800 MeV/c. 

From Fig. 8 one can see that the behavior of the ttT, mass spectra is slightly different 
from each other. This is due to the interference between the A(1405) contribution (/ = 0) 
and the 1=1 non-resonant contribution. The significant non-resonant contribution with 
1=1 around the A(1405) energy can be seen in the n~A spectrum shown in Fig. 6. As a 
consequence of the interference, the 7r + £~ spectrum shows the largest contribution of the 
A(1405) production and has the peak position at higher energy than the 7r _ S + spectrum, 
which are consistent with the results obtained in Ref. [19]. The interference between the 
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Fig. 8 7rS invariant-mass spectrum for different 7rS states at 800 MeV/c incident K 
momentum. 
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Fig. 9 7r°E° (left panel) and 7r°A (right panel) invariant-mass spectrum separately plotted 
in each diagram contribution. The incident K~ momentum is at 800 MeV/c. The solid line 
shows the kaon exchange contributions of three diagrams and the pion exchange diagrams. 
The dashed , dotted and dash-dotted line show the contribution from diagram 1, 2 and 3 as 
shown in Fig. 2, respectively. The long-dashed line shows the pion exchange contribution. 

A(1405) and 1=1 contributions has been, indeed, important in the photoproduction of 
A(1405) [34-36]. Therefore, experimental data on the 7r ± S =F spectrum will bring us further 
information of the A(1405) structure. 

We also note that the 7r°X! spectrum does not show the £(1385) contribution, because 
the 7T°S channel does not contain 1 = 1 component. Hence, it will be important to observe 
all the three (7rS)° spectra in the K~d reaction and compare them in the experiment for 
the understanding of the A(1405) structure. 

3.2.2. Diagram contributions. For the understanding of the K~d reaction it is helpful to 
investigate each diagram contribution to the production of the hyperon resonances. Here 
we show the 7r°S° and 7r°A invariant mass spectra separately plotted in each diagram 
contribution in Fig. 9. The incident kaon momentum is 800 MeV/c. 

As you can see, both A(1405) in the 7r°S° spectrum and £(1385) in the 7r°A spectrum show 
that diagram 1 (impulse contribution) in the reaction (Fig. 2) has quite small contribution, 
whereas diagram 2 in the reaction (Fig. 2) has the largest contribution. The reason that 
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diagram 1 corresponding to the impulse production of the hyperon resonances gives small 
contribution is that deuteron hardly has the high momentum component of the inside nucle- 
ons as discussed in Ref. [19]. Namely, in order to produce the hyperon resonances below the 
KN threshold, one needs to create an energetic nucleon in the final state of the K~d — > ttYN 
reaction. Such an energetic nucleon is, however, scarcely produced in the impulse process of 
the K~d reaction, because large Fermi momentum of the nucleon is highly suppressed by 
the deuteron wave function due to the small binding energy. As a consequence, the impulse 
production of the hyperon resonances has quite small contribution. 

Compared with the impulse process, the double scattering process (diagram 2 and 3) is 
kinematically favored. Namely in the double scattering process the transferred energy can 
be taken from the incident kaon so that the exchanged kaon has less energy than on-shell, 
which is favorable for the production of hyperon resonances below the KN threshold. Among 
the double scattering, since the K~n — > K~n amplitude takes larger value than that of the 
K~p — > K°n amplitude in the considering energy region, the diagram 2 has the largest 
contribution to both the A(1405) and £(1385) production (see also discussion in Ref. [19]). 

3.2.3. Angular dependence of production. Now let us see the angular dependence of the 
production of the hyperon resonances. First of all, we show the double differential cross 
section d 2 a / dM^d cos n in the K~d — > 7r + £~n reaction in Fig. 10, in which the incident 
kaon momentum is fixed to be 800 MeV/c. In this reaction we can see the two peaks coming 
from two resonances, £(1385) around 1385 MeV and A(1405) around 1420 MeV, for 60° < 
n < 150°. 

As one can see, the A(1405) peak has strong angular n dependence. The A(1405) peak 
takes its largest value at 6 n = (deg.), which corresponds the forward neutron emission 
in the total center-of-mass frame, and it becomes about 10 times smaller in the region 
On > 60 (deg.). The reason is as follows. The momentum transfer by the exchanged kaon 
becomes smaller in the double scattering process in the region n < 60 (deg.), because in 
this case the incident kaon kicks out neutron in the direction of incident kaon and gives 
most of its momentum simply to the neutron in the first step of the double scattering. This 
small momentum transfer makes the exchanged kaon close to be on the mass shell, in which 
the double scattering amplitude takes larger value. Hence, due to the kinematical reasons 
of the dominant double scattering (discussed in the previous section) and of the suitable 
momentum transfer, the A(1405) peak has a large angular dependence and consequently 
backward A(1405) production is dominated. 

The £(1385) peak, on the other hand, shows only small angular dependence in the 
K~d — > 7r + £~n reaction. This is caused by the p-wave nature of £(1385) in the meson- 
baryon scattering. Namely, since the p-wave amplitude depends linearly on the transferred 
momentum, the £(1385) cannot be much produced with the neutron forward angle, in which 
the momentum transfer becomes smaller (as discussed above). This momentum transfer 
becomes larger as the angle n becomes larger, since the incident kaon has to kick out 
neutron in the opposite direction of the kaon momentum in the first step of the double 
scattering. Therefore, as a combination of p-wave nature of £(1385) and suitable region of 
the momentum transfer in the process, £(1385) production shows small angular dependence 
although in the middle n region the production is not favored by the kinematics. 
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1360 1380 1400 1420 1440 



M nZ [MeV] 

Fig. 10 Angular dependence of 7r + £~ invariant-mass spectrum at 800 MeV/c incident 
K~ momentum. The values of 9 in the figure is in unit of degrees. 

The angular dependence of the hyperon resonance production is clearly seen in the differ- 
ential cross section do jd cos n with the integration range (Af m i n , Mnix) given in Sec. 3.1. In 
Fig. 11, we plot the da/dcos0 n for the A(1405) (£(1385)) production in the K'd 7r°£°ra 
(7r°An) reaction. From Fig. 11, we can see that the A(1405) is produced dominantly in the 
forward neutron angle, whereas the £(1385) production moderately depends on the neutron 
angle. 

3.2.4- Missing mass spectrum. As we have seen in the previous sections, the A(1405) 
peak appears at 1420 MeV instead of nominal 1405 MeV in the 7r£ invariant mass of the 
K~d —7- 7r£n reaction thanks to the selective A(1405) production by the KN channel. This 
fact implies that there is a possibility that the £(1385) and A(1405) peaks are seen separately 
in the 7r£ mass spectrum of the K~d reaction, which are usually mixed with each other due 
to the similar peak energies. Here in order to investigate the behavior of the peak structures, 
we plot the missing mass spectrum of the reaction K~ d — > nX. In the energy region around 
1400 MeV, the missing mass spectrum is expected to be dominated by the (ttY)° system. 
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Fig. 11 Angular dependence of the A(1405) and £°(1385) production cross sections in 
K~d -> ^°£°n (for A(1405)) and 7r°An (for £°(1385)) reactions. 




o k"---r"- , , , , , , 1 

1360 1370 1380 1390 1400 1410 1420 1430 1440 1450 



M x [MeV] 



Fig. 12 Missing mass spectrum in K~d — > nX process at 800 MeV/c incident K~ momen- 
tum. The solid, dashed, dashed-dotted, and dashed-double dotted lines are total, 7r~£ + , 
7r°£°, 7r + £ - , and 7r°A contributions to X. 

Hence, evaluating from the relevant diagrams shown in Figs. 2 and 3 and neglecting the 
amplitudes in which n and Y do not correlate to each other, which will make no structure 
in the missing mass spectrum, we can plot the missing mass spectrum in Fig. 12. As one 
can see, there appears the double-peak structure coming from £(1385) (around 1385 MeV) 
and A(1405) (around 1420 MeV). In the missing mass spectrum, the £(1385) peak comes 
from 7r°A and the A(1405) peak from (vr£)° channel. The reason why we can separate the 
£(1385) peak and the A(1405) one is, as discussed above, we can produce A(1405) from KN 
initial channel, pinning down the production process via conservation of the strangeness. 

4. Summary 

We have done the study of the £(1385) and A(1405) productions induced by K~ on a 
deuteron target by calculating the K~d — > ttYN reaction. We have taken into account both s- 
and p-wave contributions of the meson-baryon scatterings in the K~d reaction, especially the 
contribution of the £(1385) resonance is newly considered in this study. In the K~d — > ttYN 
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reaction, the hyperon resonances are created selectively by the KN channel. Thanks to this 
fact, the higher pole state of A(1405) is produced and the 7r£ spectrum has a peak at around 
1420 MeV. This finding implies that the A(1405) and £(1385) could be seen separately in 
the missing mass spectrum of the emitted nucleon in the K~d — > nX reaction. We have 
found that invariant mass spectrum of ttY is consistent with experimental data [23], both 
for £(1385) and A(1405) cases. We have investigated the angular dependence of the hyperon 
resonances and found that the A(1405) production mainly takes place in the backward 
direction, while the £(1385) production does not strongly depend on the angle of the emitted 
nucleon. We studied the production mechanisms of £(1385) and A(1405) from the theoretical 
side. We have also estimated the pion exchange contributions coming from diagrams in which 
7r and Y is not correlated to each other and found that these contributions give smooth 
background and do not spoil the peak structure of the hyperon resonances. 
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A. Chiral Unitary Model for A(1405) and £(1385) 

Let us briefly formulate the meson-baryon scattering amplitude in chiral unitary approach. 
First of all, in order to include the higher orbital angular momenta for the meson-baryon 
system, we expand the amplitude Tji(W, x) (i and j denote the initial and final meson-baryon 
channel, respectively, W the center-of-mass energy, and x = cos 6 with the scattering angle 
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9 in the center-of-mass frame) into the partial wave as, 

Tji(W, x) = Fji(W, x)S SjSi - iGji(W, x){k' x k) ■ a SjSi , (Al) 

oo 

FjiWx) = + W+iW) + lf®(W)] P t {x) , (A2) 

oo 

GjiWx) = \f?(W) ~ f®(W)\ . P({x) . (A3) 
1=1 hl 

Restricting the orbital angular momentum up to p-wave (I = 1), F and G can be written as, 
Fji{W,x) = f^{W)+x{2f^{W) + f (p) {W)) , (A4) 
Gji(W,x) = $\W) - f<?\w) . (A5) 

Then, we make unitarizations to the amplitudes in the algebraic equation as [32], 

/W(W) = (1-/£SL»)-VSL. (A6) 

f { :\w) = (i-f^ rcc9 r 1 f i :Le, (A7) 

/- W W = (l-Aee5)- 1 Aee- (A8) 



Here /tree corresponds to the tree-level amplitude, giving the interaction kernel of the 
coupled-cl 
Ref. [19], 



(s) 

coupled-channel. In this study, we use the Weinberg- Tomozawa term to / tree , same as in 



with the channel indices i and j, the baryon mass M, the meson decay constant / = 1.123/^ 
{f w = 93 MeV), and the baryon energy E. For the f±\ ree , on the other hand, we choose the 
explicit A, S, and S* Born terms, same as Eqs. (19)-(22) in Ref. [32]. The meson-baryon 
loop integral g in dimensional regularization are written as 

d 4 q 1 1 



/d q 1 1 

(2J)*(P- q )2-M? + ie<P-m* + ie 



+^-[ln{W 2 - {Mf - mf) + 2q t W) + ln{W 2 + {Mf - mf) + 2q x W) 

- \n(-W 2 + {Mf - mf) + 2qW) - ln{-W 2 - {Mf - mf) + 2g,W)]} , 

(A10) 

where m and M are the meson and baryon masses, respectively, \i is a regularization scale 
and a>i are subtraction constants in each of the isospin channels. Here we use same parameter 
as Refs. [19] and [32], 

a KN = -1-84, a n s = -2.00, a n \ = -1.83 

a vA = -2.25, a vS = -2.38, a KE = -2.67 . (All) 

Using the meson-baryon scattering amplitudes in the chiral unitary approach, we can 
calculate the cross sections of the KN to several channels. The cross sections are expressed 
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as, 

If = T ^^j{\FdW,xr + \G Jt (W, X )\ 2 ^e} , (A12) 
with initial and final center-of-mass momenta k and k! . 

B. Meson-baryon scattering amplitudes 

In this appendix, we show a way to transform the amplitude obtained in the center of mass 
frame of the two body meson-baryon system to the amplitude in the baryon rest frame. The 
idea is that we first obtain the invariant amplitude from the cm amplitude. Next we make 
the transformation of the invariant amplitude to the baryon rest frame. 

B.l. Invariant amplitude of meson-baryon scattering 

The Lorentz invariant scattering amplitude of meson-baryon can be written in general in 
terms of two Lorentz invariant functions, A and B: 

T = u(p 2 ) [A(s, t) + 7 ■ KB(s, t)] «(pi) (Bl) 

where p\ and p 2 are the initial and final baryon momenta, respectively, the four-vector K 
is defined by K = \{k\ + k 2 ) with the initial and final meson momenta k\ and k 2 , and the 
Mandelstam variables s and t are given by s = (p± + k\) 2 and t = (k\ — k 2 ) 2 . 

B.2. Scattering amplitudes in the cm. frame 

In the cm. frame, the scattering amplitudes are written as 

T(W, x) = F(W, x) - iG{W, x) (k 2 x k) x o (B2) 

with the partial wave decomposition 

oo 

F(W,x) = TT[(e + l)f e+ (W) + ef e -(W)]P e (x) (B3) 
e=o 

oo 

G(W,x) = J2lfe+( w )-fe-( w ^ p e( x ) ( B4 ) 
1=1 

where W = ^fs is the cm. energy and x = cos 9 with the scattering angle in cm. frame. 
The relation between (A, B) and (F, G) is given by 



A = — 
2W 



w | M, + M 2 \ F + xG | / M 1 + M 2 \ G 



B 2W 



(B5) 
(B6) 



2 J a\a 2 \ 2 J bib 2 

' F + xG _ _G_ 
a\a 2 b\b 2 

where a = y/ (E + M)/(2M) and b = y/(E - M)/{2M) with the cm. baryon energy E and 
baryon mass M. 

B. 3. Scattering amplitudes in the baryon rest frame 

Let us consider the initial baryon at rest. The amplitude in this frame is given by 

T = F'(W,x') - iG'{W,x')(k' 2 x k[) ■ a (B7) 
where x' is the angle between k[ and k[. 
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The baryon rest frame amplitudes, F' and G' , can be written in terms of the Lorentz 
invariant amplitudes, A and B, as 



F'(W,x') = a' 2 



1 



\y 12 _ \y 12 



E'+Mo 



B(s,t) 



G'{W,x') 



\y \ \h'\ 

2 EL + M 2 



(B8) 



(B9) 



where a 2 = \/{E' 2 + M2)/(2M2) with the final baryon energy .E 2 m the initial baryon rest 
frame and the final baryon mass M 2 . 
The kinematical variables are expressed in terms of W and cos 9' as 



\k[\ 



i 



^2 



1^1 



W|fci| 

Mi 
7 VF- Mi 

w 2 + /3 cos ^V w 2 - 7 2 ™ 2 (! - /3 2 cos 2 0') 
7 (1 -/3 2 cos 2 0') 

/3 cos 0'w 2 + -7 2 m 2 (l -/3 2 cos 2 0') 



7 (1 - /3 2 cos 2 0') 

Substituting Eqs.(B5) and (B6) to Eqs.(B8) and (B9), we obtain 



(BIO) 
(Bll) 
(B12) 

(B13) 



2W + wi + a; 2 + Mi+M 2 + m r 1 1 



£ 2 + M 2 



aia 2 



c?'(wy) = - 



+ - wi - w 2 - Mi - M 2 

a 2 1^1 I W2 



%\ ~ \K\ \ G(W,x) 



2W E' 2 + M 2 



E' 2 + M 2 j bib 2 
F(W, x) + xG(W, x) G{W, x) 



(B14) 



(B15) 



aia 2 6i6 2 

where x = cos 6 and x' = cos 6*' with the angles between the mesons in the cm. and baryon 
rest frames, respectively. These are related by the boost transformation: 



cos (9 = -Z-(-P(jj' 2 + \k' 2 \ cos0') = j] + £x' 
\k 2 \ 



(B16) 



where /3 = \pi\/E 1 and 7 = (1 - /3 2 )" 1 / 2 . 
The amplitudes F'(W, x') and G'(W, x') can be decomposed by partial wave in Lab. frame. 

00 00 

f>(w,x>) = £Ft4p e &) = £[(i + i)fa(w)+ef e _(yn]Pt&) (B17) 

00 00 

G'(W^x') = J2 G ' {e)p e( x ') = T,[fUW)-fUW)}P^') (B18) 



£=1 



where 



G" (£) (VF) 



2/ -i- 1 r 1 

J ^dx'F'(W,x')P e (x') 

2£+l 



2£(l + 1) 



J 1 dx'(l - x' 2 )G'{W,x')P'z{x') 



(B19) 
(B20) 
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Here we have used 



dxP e (x)P k (x) 



21 + 1 



j\x(l-x 2 )P' t {x)P' k {x) 



(B21) 
(B22) 
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